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Abstract 
This paper presents an attachment module for mini wall-climbing robot based on sine vibrating suction method. The 
basic idea of this method is that the vacuum can be generated inside a suction cup attaching on a surface, if a 
periodically vibrating force directly drives the suction cup. In this paper, mathematical model of sine vibrating 
suction method based on Bernoulli’s equation is built. It is found that the vacuum degree in the suction cup is mainly 
determined by two parameters, namely the amplitude and frequency. To verify the correctness of the analyses, an 
experimental platform was developed. The results indicate that the vibrating suction method can definitely produce 
continuous vacuum. According to the experiment result, an attachment module for wall-climbing robot was 
developed. Moreover, the validity was verified by a series of suction experiments on different wall. Finally, the 
feasibility of the attachment module was basically testified on a caterpillar wall-climbing robot. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Because of its portability, low-cost and less potential dangers, mini wall-climbing robots will be found
as useful and safe tools in infrastructures inspection, urban search, civil exploration and so on[1]. By far, 
there are 3 adsorption methods for mini wall-climbing robots to attach to the working surfaces: magnetic 
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adsorption[2], vacuum adsorption[3] and molecular adsorption[4]. Magnetic adsorption method can only be 
used on ferromagnetic surface, so that its application fields are very limited. Molecular adsorption method, 
which is still on the development stage, is also very subject to the material of the working surface and the 
environment. Compared with other attaching tools, the suction cups are more popular for wall-climbing 
robots walking on nonmagnetic surfaces. Traditionally, vacuum pumps, which often go with suction cups, 
are used to be vacuum producers. They can produce high vacuum and big suction force. However, when 
the suction cups and vacuum pumps are applied on a wall-climbing robot, some pneumatic components 
such as solenoid valves and regulating valves are also needed[5]. Therefore, the weight of robot will be 
heavy, especially when high flexibility of locomotion is required. As a result, few practical products have 
been developed, though wall-climbing robots have been researched for many years. Researchers hope to 
find a new suction method for wall-climbing robots, which can produce high vacuum equivalent to 
vacuum pumps but with less weight and assistant components. In this paper, we introduced a novel 
suction method for wall-climbing robots, which is called vibrating suction method. This method is 
expected to be a way to minimize and simplify the structure of wall-climbing robot. 
The paper is organized as follows. Section 2 gives a detailed analysis of sine vibrating mode based on 
Bernoulli’s equation. Section 3 gives a short description for the experiment platform, which was 
developed to verify the correctness of the analysis in Section 2. Section 4 describes the structure of the 
attachment module based on sine vibrating suction method. Section 5 outlines an experiment to test the 
feasibility of the attachment module. Conclusions and suggestions for future works can be found in 
Section 6. 
2. Mathematical Model of Sine Vibrating Suction Methods 
Fig. 1 shows the schematics of vibrating suction method, in which an external force enforces the 
suction cup vibrating with a certain amplitude (as A shows in Fig. 1) and frequency around the natural 
height (as H shows in Fig. 1). Due to the elasticity and geometrical configuration of the suction cup, we 
assume that the suction cup is made from an isotropic, linear elastic thin shell. So the inside air is easily to 
flow out the suction cup when it is compressed and the outside air is hard to flow into the suction cup 
when it is expanded. Therefore, the brim of suction cup can be approximately regarded as a one-way 
valve, which just likes the valves in a vacuum pump. The vibration of the suction cup is like the up and 
down movement of the pump piston. However, there are two differences between them. The one is that 
the pump sucks and exhausts with two valves while the suction cup with only one valve. Another is that 
the vibrating suction cup changes air flow direction (flow in and out) while the vacuum pump does not 
change.
The air, which flows in and out the suction cup, can be regard as a certain mass. Define P to be the air 
pressure in the suction cup,   to be the air density in the suction cup, v to be the air velocity in the suction 
cup. We can use the following Bernoulli’s equation to conclude the important parameters, which can 
affect the vacuum of the vibrating suction method. 
21
2
P v CU                                                                                                                                             (1) 
where C is a constant. We can deduce that P decreases with the increase of v, while v changes with the 
vibrating amplitude and frequency. 
On the other hand, P also varies with the volume of suction cup for a certain mass air. While the 
suction cup volume varies with the amplitude. Therefore, we can conclude that the amplitude and the 
frequency are two important parameters, which can affect P.
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Sine vibrating mode means that the vibrating waveform, shown in Fig. 2, is sine. And the vibrating 
function is given by 
( ) sinh t H A tY                                                                                                                                      (2) 
where H and A shown in Fig. 3, Ȧ is angular frequency, t is time. So the sine mode volume of suction 
cup, ( )V t , can be calculated by 
21( ) ( )
3
V t R h tS 
                                                                                                                                       (3) 
where R is radius of suction cup. So we can get differential equation 
2( ) 1 cos
3
dV t R A t
dt
S Y Z 
                                                                                                                           (4) 
When vibrating suction cup up to equilibrium, we can assume that the mass of air flows in equals the 
mass of air flows out. Define P  to be the average air pressure in suction cup,  U  to be the average density 
of air in suction cup. We can obtain the average velocity of airflow v  from Eq. (1) 
2
( )v C PU r                                                                                                                                         (5) 
where the positive sign means air flows in, minus sign means air flows out. Define vG   to be the 
airflow velocity between the suction cup brim and contact surface, then vG   is given by 
v vKG G                                                                                                                                                     (6) 
where KG   is the velocity coefficient, which is decided by the roughness of contact surface. Define G
to be the average gap width between the suction cup brim and the contact surface, and HG  . The air 
exchanges, ( )V tU' , of suction cup in t'  can be given by 
( ) 2V t R v tGU S G'  '                                                                                                                                  (7) 
when 0t' o  , a differential equation can be obtained 
2 2( ) 2
( )
R v R KdV t C P
dt
G GS G S G
U U U  r                                                                                              (8) 
From Eq. (4) and Eq. (8), the following relationship can be deduced 
2
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where ^ `0,1,2,3,n " . From Eq. (9), we can conclude that the bigger the amplitude and angular 
frequency are, the lower average air pressure in cup can be generated. 
3. Experiment of Sine Vibrating Suction Method 
To verify the analyses mentioned above, we designed an experiment for vibrating suction method. A 
suction cup (Hengtai pneumatic components factory: Model HSP-40) was selected for these experiments.  
Fig. 3 shows a schematic diagram of the experimental platform. A wooden board with an area of about 
9000 mm2 was used for the contact surfaces. The AC servo motor (Panasonic Co.: Model 
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MSMA012A**), which is driven by a AC Servo Motor Driver (Panasonic Co.: Model MSDA023A1A), 
drives the crank turning, then the crank transfers the movement to the suction cup through a lever, and 
makes the suction cup vibrate on the wooden board. The air pressure in the suction cup can be detected by 
a vacuum sensor (Guangzhou SENEX Instrument LTD.: Model DG1300-BZ-A-2(-0.1~0.1)/AD, 
±100KPa), which was installed on the opposite side of the wooden board. The acquired data was 
transferred to a PC through the data acquisition device (NATIONAL INSTRUMENTS: Model NI 
DAQPad-6015/6016) with 1000 Hz sampling frequency. 
Fig. 1. Vibrating suction method.      Fig. 2.  Sine vibrating waveform      Fig. 3. Experimental set up of vibrating suction method. 
Sine vibrating can be produced by the uniform rotation of the AC servo motor. Fig. 4 shows the 
relationship between the air pressure in suction cup and the sine vibrating waveform according to the 
experimental data, when the vibrating frequency is 10 Hz. The result shows that the sine vibrating mode 
can produce continuous vacuum. We can also find that the maximum value of vibrating waveform 
corresponds to the minimum value of air pressure, and vice versa. 
Fig. 4. A Part of variation of air pressure with vibrating waveform     Fig. 5. Variation of average air pressure. 
Fig. 5 illustrates the test results presenting the relation between the average air pressures with the 
amplitude and frequency. According to the figure, we can find that the bigger the amplitude and 
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frequency are, the lower average air pressure can be acquired. The experimental results meet the analysis 
mentioned in Section II. 
4. Design of Attachment Module 
The adsorption function of wall-climbing robots is one of the most significant characteristics, which is 
different from the characteristic of mobile robots on the ground. There are two important problems need 
to be solved for mini wall-climbing robot. The one is that adequate adsorption force must be produced to 
ensure mini wall-climbing robots working on the wall safely and reliably. The other one is to avoid using 
a long tube as much as possible to reduce the weight of wall-climbing robot. An attachment module based 
on vibrating suction method is developed according to the analysis mentioned above. Fig. 6 depicts the 
kinematical mechanism diagram of the attachment module. An eccentric wheel rotates to make two 
middle suction cups move up and down (vibration). The vibration of the two middle suction cups can be 
transmitted to two bilateral suction cups by two levers. So the four suction cups can adsorb on the contact 
surface with vibrating suction method with 180° phase difference at the same time. 
Fig. 7 depicts the schematic diagram of the attachment module based on vibrating suction method 
(This Fig. shows an inner mechanism with no shell). The motor rotating or counter-rotating can make the 
module attach or detach the contact surface (the release mechanism was not shown in Fig. 8). The 
characteristics of this attachment module are as follows: 
(1) The mechanism is simple and compact. A small space was used reasonably and adequately. The 
volume of the whole attachment module (with a shell) is 50mm×46mm×43mm. 
(2) That the attachment module attaches or detaches the contact surface only needs one motor. 
Therefore, it saves a driving device.  
(3) The attachment module can attach or detach quickly and reliably. 
(4) The power consumption of the attachment module is low due to lubricate adequately. 
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Fig. 6. The kinematical schematic of the attachment module       Fig. 7. The schematic of the attachment module 
5. Experiment of Attachment Module 
The diameter of the suction cup, which is used in the attachment module(Fig. 8), is 30mm. The 
material of the suction cup is silica.  
The attachment module experiment was carried out on 3 contact surfaces. An additional statement 
should be announced: The suction cup can absorb on the glass surface safely even with no vibration. The 
purpose of making the suction cup absorbing on the glass surface with vibrating suction method is to 
compare with other three contact surfaces to increase the comparability of the attachment module. Fig. 8 
are the experimental photos of the attachment module absorbing on the cabinet surface, wooden door and 
office wall with same power consumption. Fig. 9 shows one photograph of the wall-climbing experiment 
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of a caterpillar robot using the attachment module. The photograph shows that the caterpillar robot with 
the attachment modules can climb on rough wooden door surface. 
Fig. 8. The experimental photos of head attachment module      Fig. 9. Experimental set up of wall-climbing caterpillar robot. 
6. Conclusion 
A new suction method for wall-climbing robot has been proposed. Based on this suction method, a 
kind of attachment module for wall-climbing robot was developed. The following results were obtained: 
(1) Vibrating suction method can produce continuously vacuum in suction cup. And the relationship 
between air pressure in suction cup and amplitude and frequency was basically deduced. 
(2) The effect of amplitude and frequency on sine vibrating mode was analyzed and tested. The result 
shows that the bigger the amplitude and frequency are, the lower average air pressure is.  
(3) A kind of attachment module was developed. And the validity was basically tested by some suction 
experiments on different rough wall. 
(4) The validity of attachment module based on vibrating suction method was testified by a wall-
climbing caterpillar robot. And the wall-climbing robot can creep on the vertical rough wall freely. 
Future work will focus on the mathematical model of vibrating suction method based on 
hydrodynamics and elasticity. Moreover, the mathematical model will be testified by the experimental 
platform. 
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